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Abstract 
A novel approach, which is based on the analysis of sequences of images recorded using 
energy-filtered transmission electron microscopy and can be used to assess the reaction of a 
solid with a gas at elevated temperature, is illustrated for the reduction of a NiO/ceramic solid 
oxide fuel cell anode in 1.3 mbar of H2. Three-window elemental maps and jump-ratio images 
of the O K edge and total inelastic mean free path images are recorded as a function of 
temperature and used to provide local, quantitative information about the reaction kinetics and 
the volume changes that result from the reaction. Under certain assumptions, the speed of 
progression of the reaction front in all three dimensions is obtained, thereby providing a three-
dimensional understanding of the reaction. 
 
Keywords: environmental transmission electron microscopy; energy-
filtered 
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 1. Introduction 
A comprehensive analysis of the reaction mechanisms that control how a microstructured 
solid reacts with a gas at elevated temperature is essential in fields ranging from catalysis to 
mining. Although reaction mechanisms are invariably complicated, they are usually inferred 
by monitoring the evolution of one parameter, such as mass, conductivity, crystallography, 
microstructure or composition during reaction. Furthermore, conventional techniques usually 
only allow one aspect of a process to be retrieved, such as microstructure or chemistry, but 
typically not both at the same time. Part of the description is then missing and post-exposure 
observations using techniques such as electron microscopy and models to data acquired in situ 
are often required. However, transient processes may not be resolved in post-exposure 
micrographs and models may only provide a simplified description in the form of a single 
reaction mechanism. 
Techniques such as full-field transmission X-ray microscopy are promising as a result of their 
ability to capture changes in both morphology and chemical composition at the same time, 
with a spatial resolution that is now in the range of a few tens of nm [1]. However, this spatial 
resolution may not be sufficient to resolve fine details in a reaction. In contrast, environmental 
transmission electron microscopy (ETEM) has the ability to obtain both structural and 
chemical diagnostic information on the (sub-)nm scale in a gas atmosphere at elevated 
temperature. The technique has been applied to a variety of problems, most of which have 
been related to the characterisation of catalytic nanoparticles under operating conditions, as 
reviewed in [2, 3]. These studies have covered topics such as changes in nanoparticle size and 
shape [4], the nucleation of nanotubes [5], the visualisation of gas adsorption [6], reduction-
oxidation cycles of nanoparticles in various atmospheres [7-12] and measurements of catalyst 
activity using electron energy-loss spectroscopy [13]. 
Sharma et al. demonstrated that either images or electron energy-loss (EEL) spectra could be 
used to obtain reaction kinetics in the electron microscope [14]. A sequence of images of a 
specimen can be used to provide local quantitative information about the progression of a 
reaction, e.g., by measuring the evolution of an area of dense unreacted NiO during reduction 
to porous Ni in H2 [15]. However, structural changes induced by the reaction may be subtle 
and difficult to quantify directly from images. Changes in diffraction peak intensities may 
also provide information about the kinetics of a change in crystallography, for example from 
nickel oxide (NiO) to metallic Ni in H2 or vice versa in O2 [15-17]. However, diffraction peak 
intensities are sensitive to specimen orientation with respect to the electron beam, which may 
change due to thermal drift or changes in microstructure during a reaction. In addition, the 
technique has limited spatial resolution when using a selected area aperture. In contrast, EEL 
spectroscopy (EELS) provides direct chemical analysis of a sample down to the sub-nm scale. 
Spectra are typically acquired at different positions of the electron beam by means of 
scanning TEM (STEM), in order to obtain spatial information. However, the serial acquisition 
of spectra is challenging when performing dynamic experiments at elevated temperature as 
each pixel in a spectrum image corresponds to a different reaction time and the specimen may 
be subject to thermal drift and changes in microstructure. As a result, small numbers of EEL 
spectra are usually acquired at each reaction step to provide averaged chemical information 
about a specimen and these values are then correlated with images that contain information 
about changes in microstructure [16, 17]. 
Alternatively, energy-filtered TEM (EFTEM) can be used to provide local structural and 
chemical information from features in an EEL spectrum through the use of an energy-
selecting slit. While the quality of EFTEM images also suffers from the effect of thermal drift 
and changes in microstructure during image acquisition (typically on the order of a few tens 
of seconds for core losses), the technique offers faster elemental analysis for the same number 
of pixels when compared with STEM EELS. However, this speed comes at the expense of 
fine details in the energy-loss spectrum. For example, images filtered at plasmon losses have 
been used in combination with STEM EELS to assess the reaction of materials in liquids, 
enabling the distinction of regions with different chemistry [18]. Recently, we demonstrated 
that EFTEM could be applied successfully at elevated temperature in a gas atmosphere to 
yield local quantitative measurements of both microstructure and chemistry in a NiO/yttria-
stabilised zirconia (YSZ) sample reacting in H2 [19]. By using sequences of three-window 
oxygen K edge elemental maps and t/ total inelastic mean free path images, where t is the 
specimen thickness and  is the total inelastic mean free path, the evolution of the NiO 
fraction and corresponding volume changes could be monitored as a function of temperature. 
In this paper, the objectives are to complement the previous study [19] by demonstrating that 
i) jump-ratio images (here for the O K edge) can be used to provide quantitative kinetic 
information in a similar manner to using three-window elemental maps, ii) a combined 
knowledge of chemistry and t/ at the same position during a reaction provides valuable 
information about how a reaction front propagates in three dimensions from two-dimensional 
images and iii) this local and quantitative information can be correlated with the mechanisms 
that control the reaction. As a result, a three-dimensional picture of the reaction between a gas 
and a solid at elevated temperature is obtained, where both the solid surface and the bulk 
material react with the gas. 
 
2. Experimental details 
2.1. Materials and sample preparation 
Details about the sample and its preparation for TEM examination have been published 
elsewhere [19]. In short, TEM samples of NiO/YSZ, a standard solid oxide fuel cell anode, 
were prepared using a conventional focused ion beam (FIB) lift-out technique (Zeiss NVision 
40) and attached onto stainless steel grids using C. Final thinning was performed at 5 kV. 
 
2.2. Energy-filtered environmental TEM 
The TEM lamella was mounted in a Gatan Inconel 652 double-tilt heating holder. Its 
reduction was studied in a differentially-pumped FEI Titan E-Cell 80-300ST ETEM [20] 
operated at 300 kV at a constant electron dose rate of ~10
3
 e
-
 nm
-2
 s
-1
. 
As illustrated in Figure 1, the evolution of different features in the EEL spectrum was 
followed during reduction of the thin NiO/YSZ lamella in 1.3 mbar of H2 (at a flow rate of H2 
of 2 mlN min
-1
) at elevated temperature. A 20 μm condenser aperture was used to define a 
collection semi-angle  of 6.8 mrad. 
Specimen thickness maps were determined from t/ images using the log-ratio method from 
unfiltered It and zero-loss filtered I0 images [21] acquired using an energy-selecting slit width 
 of 10 eV and an acquisition time of 0.2 s (Figure 1). The total inelastic mean free path  
was estimated to be 155 nm for NiO from a mean energy loss Em of 19.8 eV reported in [22] 
and 127 nm for Ni by computing a value for Em of 25.2 eV using the atomic number of Ni 
(28). 
At higher energy losses, the intensity in the O K ionisation edge, which was obtained from 
both three-window elemental maps and jump-ratio images, was used to determine the spatial 
distribution of O atoms. Values for  of 30 eV and an acquisition time of 40 s (sometimes 
reduced to 20 s if thermal drift was too severe) were used to acquire Ipre-edge 1 (at an energy-
loss onset of 472 eV), Ipre-edge 2 (502 eV) and Ipost-edge (532 eV) images for three-window 
elemental mapping using the O K edge [21] (Figure 1). As an objective aperture must be used 
when acquiring EFTEM images to guarantee sufficient spatial resolution [23], diffraction 
effects are always present to some extent and modify the intensity in the three-window maps. 
An alternative approach involved division of Ipost-edge by Ipre-edge 2 images to yield O K edge 
jump-ratio images (Figure 1), in which diffraction effects were reduced. 
t/ maps and O K edge three-window and jump-ratio images acquired at 30 °C in H2 served 
as initial unreduced NiO/YSZ references. In addition, a three-window Ni L2,3 elemental map 
was acquired at this temperature to differentiate the YSZ grains from NiO. After a slow 
heating ramp up to 250 °C and then, when the sample was stable (30 min later), up to 300 °C, 
the temperature was increased to 604 °C in steps of 16 °C (over 2 minutes for each step) and 
t/ maps and O K three-window and jump-ratio images were acquired during a 6 minute 
isothermal step, before increasing the temperature again to maintain an average heating rate of 
2 °C min
-1
 (Figure 1). The sample was left at the final temperature of 604 °C for 130 minutes 
before acquiring a final set of t/ maps and O K three-window and jump-ratio images, which 
served as a Ni/YSZ references, with EELS confirming full reduction of the sample. 
 
 
Figure 1: Time and temperature parameters used to approximate a 2 °C min-1 ramp, shown 
alongside the positions of the energy-selecting slit used to acquire five different images at 
each temperature step. EEL reference spectra recorded from the same grain at 30 °C (NiO) 
and after reduction in 1.3 mbar of H2 at 604 °C (Ni), 130 minutes after reaching the end of 
the ramp, are shown. 
 
2.3. Data processing 
All of the energy-filtered images acquired in the ETEM were aligned after filtering (using a 
Sobel isotropic 3x3 gradient operator [24]) with the SDSD Digital Micrograph plugin [25], in 
order to ensure that each region remained at the same pixel coordinates (x,y) throughout the 
reaction. 
To convert changes in intensity in the pixels belonging to the NiO phase to a volume loss (for 
t/ maps) or to reduction kinetics (for O K three-window and jump-ratio images), any 
fluctuation in intensity between images that is not related to structure or chemistry but, e.g., to 
differences in acquisition time, must be removed. This was done using the YSZ phase as a 
reference as it is structurally and chemically stable in these reaction conditions [26]. All of the 
images were normalised so that the intensity measured in the pixels corresponding to YSZ 
remained at a mean value that is constant and specific to each sequence of t/, O K three-
window and jump-ratio images. 
These processed 3-window maps and jump-ratio images were then analysed to provide details 
about the evolution of the number of O atoms in the NiO phase. The fraction of NiO that had 
converted to Ni, (T,x,y), could be obtained at each temperature step T and at all pixel 
coordinates (x,y). This was done by scaling the intensity IO(T,,,x,y), which was measured in 
the Ni(O) phase at a temperature T and position (x,y), using values measured in the 
experimental NiO and Ni references at the same (x,y) coordinates (IO(NiO)(,,x,y) and 
IO(Ni)(,,x,y), respectively; see Figure 2): 
 
 (     )  
  (   )(       )   (        )
  (   )(       )   (  )(       )
 . (1) 
 
It should be noted that an experimental value was used for IO(Ni)(,,x,y) instead of 0 to 
account for potential artefacts related to dark reference of the camera, background and 
diffraction effects. 
As the reaction front between the newly-formed Ni phase and the initial NiO grain is sharp, 
without any intermediate phase [19, 26], the equivalent thickness of NiO tNiO(T,x,y), of Ni 
tNi(T,x,y) and of the specimen t(T,x,y) could be estimated at each position (Figure 2). If 
plasmonic excitations at interfaces in the structure (between voids, NiO and/or Ni) are ignored 
[27], it is possible to estimate, by using (T,x,y) and t/(T,x,y) computed at the same 
coordinates (x,y) and temperature T: 
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 As discussed below, this procedure allows the position of the Ni/NiO reaction front within the 
specimen depth (in the z direction) to be estimated, in order to provide a three-dimensional 
picture of the reaction. 
 
 
Figure 2: Schematic diagram illustrating the methodology used in the present paper to yield i) 
the conversion fraction of NiO to Ni, (T,x,y), as a function of temperature T at coordinates 
(x,y) from a sequence of three-window elemental maps and jump-ratio images using the first 
(30 °C) and last (604 °C, 130 minutes after the end of the ramp) images as references for NiO 
( = 0) and Ni ( = 1), respectively, and ii) the evolution of the Ni, NiO and total thicknesses 
(tNi(T,x,y), tNiO(T,x,y) and t(T,x,y), respectively) from a combined knowledge of (T,x,y) and 
t/(T,x,y) at the same position (x,y) and temperature T. 
  
3. Results and discussion 
3.1. Spatially-localised reaction kinetics from O K edge images 
A representative selection of unfiltered bright-field (BF) TEM images, t/ and three-window 
O K elemental maps, acquired during reduction up to 604 °C in 1.3 mbar of H2, is shown in 
Figure 3. An EEL reference spectrum recorded from one NiO grain at 30 °C is shown in the 
upper right corner. The appearance of small voids in the NiO at grain boundaries with the 
YSZ is indicative of activation of the reaction just below 350 °C (Figure 3b). The voids are 
observed directly in the t/ map (Figure 3b.2) and appear as dark regions in the O elemental 
map (Figure 3b.3). Reduction of NiO is initiated at interfaces with the YSZ, presumably as a 
result of migration of O anions from NiO across the interface to O vacancies that are 
inherently present in the YSZ [26]. When the temperature is increased to 428 °C, additional 
porous O-depleted regions appear closer to the centres of the NiO grains (Figure 3c). At 
460 °C, voids are observed across the entire Ni grains as the free surfaces reduce directly, 
with larger voids appearing at the initial positions of some NiO/NiO grain boundaries 
(arrowheads in Figure 3d). Intra and intergranular voids become larger as the temperature is 
increased to 604 °C (Figure 3e). The images that were acquired 130 minutes after reaching 
604 °C show that a coarser reduced Ni microstructure forms as the system minimises its 
surface energy (Figure 3f). An EEL spectrum recorded from an individual Ni grain just before 
acquiring the data shown in Figure 3f is consistent with full reduction (lower right inset). 
Voids appear at the positions of some initial NiO/NiO grain boundaries (black arrowheads in 
Figure 3f), while other neighbouring Ni grains remain in contact throughout the entire 
reaction (white arrowheads in Figure 3f). These differences are related to the symmetry 
characteristics of the grain boundaries: incoherent boundaries detach during the reaction, 
while coherent twins remain in contact [28]. 
 Figure 3: (a-e) Temperature-resolved (1) BF TEM images, (2) t/λ and (3) three-window O K 
maps recorded during ramping at 2 °C min
-1
 in 1.3 mbar of H2. A red Ni EFTEM map is 
superimposed on (a.1) and shown as an inset (top-right corner). An EELS spectrum (lower 
right) confirms full reduction of the structure in (f), 130 minutes after reaching 604 °C. 
Arrows mark voids in NiO at interfaces with the YSZ in (b-c) and in the centres of grains in 
(d). Black arrowheads show pores at the positions of some initial NiO/NiO boundaries. White 
arrowheads show Ni/Ni boundaries remaining in contact in (f). 
 Figure 4a shows the full sequence of three-window O K elemental maps recorded during 
reduction up to 604 °C. In order to reduce the effects of poor signal to noise ratio on the 
results, the intensity in the maps was averaged before computing the kinetics. Nine different 
Ni(O) regions were identified in the Ni L2,3 elemental map (Figure 4b). In each of these nine 
Ni(O) regions, the average intensity IO was measured in four different areas defined by masks 
M1 to M4, which were chosen to progressively select the entire Ni(O) regions starting at the 
interfaces with the YSZ. These values were then used to determine the conversion fraction of 
the reaction  by using Eq. 1 and the NiO and Ni reference intensities (Figure 4b). 
From the nine Ni(O) regions identified in the micrographs, only the regions labelled 1 and 2 
are entirely within the field of view. In these regions,  is observed to increase gradually over 
a temperature range of 96 °C (between 348 and 444 °C) in the mask including only NiO close 
to the YSZ interface (upper mask M1 in Figure 4b). In contrast, two rate-controlling 
mechanisms are observed to occur in succession when each group of NiO grains is analysed 
entirely (lower mask M4 in Figure 4b). Indeed,  increases slowly from 348 to 412 °C due to 
reaction at the YSZ interface and then rapidly up to 0.9 from 412 to 444 °C as a result of free 
surface reduction (white arrowheads in Figure 4a). Above 444 °C,  appears to be identical 
for the four different masks, demonstrating a homogeneous reaction of the Ni(O) regions. A 
fraction of 10% of NiO is left unreduced at the end of the heating ramp, which is consistent 
with previous EELS studies of the reduction of NiO particles in an ETEM [16]. The decrease 
in reaction rate results from the presence of H2O, which is released by the reaction, stagnates 
around unreacted NiO and eventually inhibits the reaction [29]. While measurements of the 
reaction kinetics in regions 3 to 9 must be interpreted carefully since they do not show full 
Ni(O) regions, similar trends are observed. The apparent decrease in  at 556 °C is due to 
drift during acquisition (black arrowheads in Figure 4b). The presence of bend contours 
(diffraction contrast) also results in an artificial decrease in  around 332-364°C (black 
arrows in Figure 4b). 
 
 Figure 4: (a) Three-window O K maps recorded during reduction (displayed after normalising 
the intensity using the YSZ phase). For each Ni(O) region identified in the Ni L2,3 map, the 
average intensity in four different masks (from the YSZ interfaces, M1, to the entire Ni(O) 
grains, M4) is scaled using the NiO and Ni reference intensities from the same regions to yield 
(b) the conversion fraction (T). The indicated uncertainties in the determination of α are 
obtained using the statistical deviation when the sample is unreduced (3σ), while the 
horizontal uncertainties are estimated to be ±10 °C. 
 
Artefacts resulting from diffraction contrast are reduced when using O K jump-ratio images 
instead of three-window elemental maps (Figure 5a). However, the determination of a jump-
ratio image involves a division, which in turn results in the presence of pixels with high 
intensities that are not related to changes in composition, especially at interfaces in the 
structure, as images are acquired 40 (or in some cases 20) seconds apart during the reaction. 
These pixels were removed by the application of a threshold, in order to infer reliable reaction 
kinetics from each image (Figure 5b). The same masks M1 to M4 as in Figure 4 were used to 
select different regions of the jump-ratio images. The average intensities in these regions were 
measured as a function of temperature (not counting pixels that were excluded by the 
threshold) to determine  (Figure 5c). The results are similar to these presented in Figure 4, 
even though only two energy-filtered images were used. The two reaction mechanisms (first 
the reaction at the YSZ interfaces and then the reaction of the free surface at higher 
temperature) are clearly distinguished. The total acquisition time can therefore be decreased 
by one third by using jump-ratio images instead of three-window elemental maps, thereby 
reducing the effect of drift (see data points at 556 °C in Figure 4 and Figure 5). 
 Figure 5: (a) O K jump-ratio images (after normalisation using the YSZ phase). (b) Processed 
O K jump-ratio images after removal of pixels that correspond to holes or have anomalously 
high intensities. The average intensity in the Ni(O) regions was measured in masks M1 to M4. 
These values were scaled using the values measured in the corresponding regions in the NiO 
and Ni experimental reference images to yield the reaction kinetics (T) shown in (c). The 
uncertainties were obtained as explained in Figure 4. 
  
3.2. Volume changes from thickness maps 
Figure 6 shows the volume shrinkage that results from NiO reduction to Ni. The total 
intensity in the NiO phase measured in the initial t/λ image was compared to the total intensity 
in the Ni regions in the final t/λ image after multiplication by the pixel area (36 nm2) and by 
λNiO (155 nm) and λNi (127 nm), respectively. An overall volume shrinkage of -41% was 
measured here, which is consistent with theoretical predictions of -41.6% [9]. The apparent 
volume shrinkage measured in each Ni(O) region varies between -36% and -46% as a result 
of the effects of diffraction contrast. The final values depend on the total inelastic mean free 
paths, the accuracy of which is estimated to be on the order of 20% [22]. 
 
 
Figure 6: Measurement of volume shrinkage. (a) Mask corresponding to the Ni phase, with 9 
Ni regions labelled. (a) was used to segment the t/λ reference images for NiO/YSZ and 
Ni/YSZ to yield (b) and (c), the NiO and Ni phase before and after reduction, respectively. 
The volume shrinkage was obtained from (b) and (c) by using values for λNiO and λNi (155 and 
127 nm, respectively). 
 
3.3. Reaction front dynamics 
The combination of reaction kinetics and t/λ maps enables a three-dimensional analysis of the 
Ni/NiO reduction front. After Ni nucleation, the reaction proceeds through the progression of 
a reaction front as a result of the autocatalytic behaviour of the reaction: H2 adsorbs on Ni and 
is transferred to the NiO in the vicinity of the reaction front, with the new Ni phase then 
forming at the Ni/NiO interface [29]. The speed with which this Ni/NiO reaction front 
propagates in the (x,y) plane can be compared with the speed with which the thickness of the 
sample is reducing (in the z direction). These measurements allow the assessment of whether 
the reaction proceeds according to different mechanisms along the free surface and in the 
bulk. The procedure, which is described in Figure 7, involves the use of 3-window O K 
elemental maps and t/ maps for the group of NiO grains labelled 1 in Figure 4b. The same 
approach can be applied to jump-ratio images and any other NiO regions. 
While the measurement of the position of the reaction front in the (x,y) plane can be 
performed manually, an automated procedure was chosen here, as the position of the reaction 
front is not always easy to identify by visual inspection. The procedure involves computation 
of the conversion fraction  in successive slices of the NiO phase that are 1 pixel wide using 
three-window O K elemental maps (Figure 7a). Slice 1 covers the first 0 to 6 nm from the 
YSZ interface (see central inset in Figure 7), slice 2 covers the group of pixels located 6 to 12 
nm from the interface and so on to the centre of the NiO (slice 30, 174-180 nm from the YSZ 
interface). 
As these 1 pixel wide regions are composed of a small number of pixels (1000 for region 1 to 
140 for region 30), diffraction and noise effects are significant and affect the value of , 
which takes on nonphysical values of below 0 (Figure 7b). As diffraction contrast was mostly 
observed in the NiO phase, i.e., when  should be 0 but is in fact negative (Figure 7b), the 
measurements were rescaled from 0 to 1 by using the minimum and maximum values of  in 
each curve, while points with d/dT < 0 were set to 0. This procedure yielded *(T), a more 
physical estimate of the reaction kinetics (Figure 7c). By using *(T), the position of the 
reaction front w(T) in the (x,y) plane could then be estimated by determining, for each 
temperature, the smallest distance with respect to the YSZ interface that encompasses all of 
the 1-pixel-wide regions for which *  0.1 (Figure 7c and f). The values of w(T) that were 
estimated automatically using this procedure are consistent with manual measurements 
performed directly on the three-window O maps. 
t/ was measured in the same successive 1 pixel wide regions to assess the speed of the 
reaction front in the z direction, i.e., along the thickness of the sample (Figure 7d). By using 
values of * and t/ with Eqs. 2-4 for each NiO slice, estimates of the total, Ni and NiO 
thicknesses, t(T), tNi(T) and tNiO(T), respectively, could be computed (Figure 7e). For clarity, 
tNi(T) and tNiO(T) are only shown for the first region (1), which covers the first 6 nm of NiO 
from the YSZ interface, while the evolution of the total thickness t(T) is shown for all 
successive regions (2 to 30, Figure 7e). Assuming the YSZ/Ni/NiO geometry shown in the 
central inset of Figure 7, the depth d(T) at which the NiO/Ni reaction front is located from one 
of the free surface is: 
 
 ( )    ⁄ [ (   )      ( )]. (5) 
 
Estimates of the position of the NiO/Ni reaction front projected onto the (x,y) plane w(T) and 
along the z axis at the interface with YSZ d(T) are compared in Figure 7f. d(T) is compared to 
w(T) instead of to 1/2tNi(T), as both d(T) and w(T) include reduction-induced voids. Figure 7f 
shows that the reaction rate is anisotropic, i.e., that the reaction proceeds faster along the (x,y) 
plane than in the z direction above 400 °C, presumably as a result of differences in the 
reaction mechanism in the bulk of the specimen when compared to the free surface. 
 
 
Figure 7: (a) Three-window O K edge elemental map of the partially reduced sample at 
412 °C, with one group of NiO grains highlighted (labelled 1 in Figure 4). (b) (T) in 
successive 1-pixel-wide regions, starting at the interface with YSZ and finishing at the centre 
of the group of NiO grains (see central inset), computed using Eq. 1. (c) Result of rescaling of 
the data between 0 and 1 and removal of data points for which d/dT < 0, to yield *(T). The 
width w(T) of the reduced area is defined as the distance that encompasses all slices for which 
*  0.1 at each temperature. (d) t/ at 412 °C, with region 1 highlighted. (e) Evolution of the 
total, NiO and Ni thicknesses t, tNiO and tNi, respectively, for the region at the interface with 
the YSZ, with t(T) shown for all regions. (f) Comparison of the position of the NiO/Ni 
reaction front in the (x,y) plane w(T) and along the z axis at the YSZ interface d(T). 
 
3.4. NiO/YSZ reduction kinetics in H2 
Simonsen and co-workers [15] compared the reduction of NiO and NiO/YSZ fine powders in 
H2 using both ETEM (through sequences of images and diffraction patterns) and 
thermogravimetry. They demonstrated that the YSZ phase did not inhibit Ni nucleation when 
mass transport of H2 or H2O towards and away from reaction sites was not limiting the 
reaction, contrary to what was initially suggested in [30]. However, the results presented in 
[15] did not show any beneficial effect of the YSZ phase on Ni nucleation, which is contrary 
to the present observations shown in Figure 3. This difference may arise from the fact that 
NiO/YSZ was ground mechanically into a fine powder in [15], which may inhibit ionic 
exchanges between NiO and YSZ as interfaces are not preserved. 
With regard to the reaction mechanism of NiO/YSZ with H2, studies have shown that either 
Avrami [31] or interface-controlled [32] models can describe the reaction appropriately in 
most cases. However, neither model appears to fully explain the present results. Indeed the 
reaction does not proceed though the formation of small randomly-localised Ni nuclei as in 
the Avrami description and interface-controlled models do not take an induction time into 
account, as observed here in the form of an activation temperature that needs to be reached to 
initiate the reaction, nor substantial autocatalysis [33], two important features of the NiO 
reduction reaction [34]. 
Density functional theory calculations were used to demonstrate that O
2-
 can transfer from 
NiO across the NiO/YSZ interface to fill oxygen vacancies that are inherent to the YSZ phase 
(Figure 8a) [26], with these O anions then desorbing as H2O at the surface after reaction with 
H2 [35]. As a result, oxygen vacancies are injected into the NiO and these sites (O
2-
 vacancies 
surrounded by Ni
2+
) have been shown to act as preferential H2 dissociation sites, with 
adsorbed H desorbing as H2O and NiO reducing to Ni [36]. Once Ni domains of sufficient 
size have formed by this process, the reaction is expected to proceed autocatalytically through 
the adsorption and dissociation of H2 directly on Ni clusters, with adsorbed H then 
transferring to neighbouring oxygen sites [29]. New Ni domains then form at the Ni/NiO 
interface and a reaction front moves towards the centre of the NiO grains, leaving a porous Ni 
structure behind it, as illustrated in Figure 8b. The slower propagation rate of the reaction 
front through the depth of the specimen, when compared with that in the specimen plane 
(Figure 7), is suggestive of a different rate-controlling mechanism below the surface. As 
demonstrated in [37], NiO that is located in the bulk may reduce primarily by the transfer of 
some of its O
2-
 to vacancies that are inherent to YSZ and not as a result of direct contact with 
H2. Above 450 °C, a sufficient number of oxygen vacancies should be present on the surface 
of the NiO grain, as the direct reduction of the free surface is triggered [36], with this process 
converting most of the bulk NiO to Ni (Figure 8c). At this stage of the reaction, pores appear 
at incoherent grain boundaries, while coherent Ni twin boundaries are left intact (Figure 8c 
[28]). H2O/H2 diffusional effects then only limit the final part of the reaction of the thin 
lamella in the ETEM. At the end of the reaction, porous Ni grains are observed to coarsen at 
temperatures on the order of 600 °C (Figure 8d). 
 
 
Figure 8: Three-dimensional model of the reduction of NiO/YSZ to Ni/YSZ in 1.3 mbar of 
H2. a) Onset of reduction due to the transfer of O anions from the NiO phase to O vacancies 
inherent to YSZ. b) At ~350 °C, the first porous Ni domains form at interfaces with the YSZ, 
growing towards both the centre of the NiO grain and, at a slower rate, within the bulk. c) At 
~450 °C, the free surface reduces directly to metallic Ni. d) At temperatures on the order of 
600 °C, the Ni phase coarsens. Incoherent boundaries detach and leave voids, while coherent 
twins remain in contact during the reduction of NiO. 
 
3.5. Factors affecting EFTEM results 
In situ TEM experiments can be affected by a variety of different artefacts. FIB sample 
preparation can cause Ga implantation, surface damage and amorphisation, which can modify 
the absorption of a reactive gas. A low final milling voltage in the FIB (here 5 kV) and the 
high temperatures involved in the experiment may reduce surface damage. The Ga content in 
the present specimen was measured to be initially at an average value of 0.2 wt%, 
concentrated mostly around as-sintered porosity, in regions that were observed to react in a 
similar way to other regions. While such effects are difficult to quantify, there are no adequate 
alternative techniques that can be used to maintain the microstructure and to facilitate the 
preparation of a sample that has a constant thickness, both requirements being essential for 
quantitative EFTEM analysis. 
The temperature measured by the thermocouple of the heating holder overestimates the true 
temperature at the position of the thin lamella [38, 39]. This difference is influenced by the 
gas atmosphere and the conductivity of the support. Based on a comparison of the reduction 
kinetics of NiO particles measured using both EELS in the ETEM (in 1.3 mbar of H2 at 2 °C 
min
-1
) and in situ X-ray diffraction (in 13 mbar of H2 at 2 °C min
-1
), the difference was shown 
to be < 30 °C. Thermal drift also limits the spatial resolution of recorded images, especially 
when three images must be acquired in order to compute an elemental map. In this regard, 
recent advances in MEMS-based heating holders that are compatible with FIB-prepared 
samples should significantly improve the quality of EFTEM images acquired at high 
temperature in the future. 
Electron-beam-induced artefacts can also affect observations [40-42]. The present reaction 
was observed to proceed faster in regions that were irradiated with a focused probe. Such an 
effect may be caused by local heating due to the electron beam, by knock-on damage of O 
(which may in turn create active sites for H2 adsorption and dissociation [36]) and/or 
ionisation by the electron beam of the molecular hydrogen gas (which modifies its adsorption 
energy). Although operating the microscope at a low electron dose can reduce these effects, a 
sufficient signal is still required to obtain statistically relevant data within the desired 
acquisition time, especially when acquiring core-loss EFTEM images. The acquisition of 
EFTEM images, while the sample reacts at elevated temperature, is hence not suited to the 
study of electron-beam-sensitive materials that react quickly (which was not the case here). In 
addition, the effect of electrostatic charging induced by the electron beam, especially at 
interfaces, remains unclear. 
However, similar porous Ni/YSZ structures could be observed under different conditions: (i) 
in the present study (Figure 3), (ii) in thin FIB windows that were not irradiated by electrons 
but yet underwent a similar reaction in the ETEM (not shown here), (iii) in a similar study in 
which the reduction of NiO/YSZ that had been ground into a fine powder was studied in situ 
in the ETEM [15] and (iv) in post-exposure micrographs recorded after ex situ reduction of a 
bulk anode [43, 44]. These similarities suggest that the processes observed in situ are 
representative as they result in the same microstructure. Moreover, complex Ni(O)/YSZ 
interactions have also been reported both experimentally and theoretically in the literature 
[35, 37, 45-47], supporting in situ observations and underlining the activation of the reaction 
at NiO/YSZ interfaces in certain reaction conditions. 
Data processing can also introduce errors. Misalignment of filtered images may lead to 
artefacts, as the same region may not be located at the same (x,y) position throughout an 
EFTEM series. As the intensity is averaged over regions of 100 pixels or more to yield 
statistically relevant data, this effect did not appear to be significant here. Diffraction contrast 
modifies the intensity in EFTEM images and in turn changes local measurements of thickness 
and reduction kinetics. While jump-ratio images are less sensitive to this effect, the removal 
of artefacts related to the division procedure may be subjective. 
 
4. Conclusions 
In this article, the possibilities of using energy-filtered environmental TEM to assess the 
reaction between a solid and a gas at high temperature are investigated through the study of 
the reduction of NiO/YSZ with H2 up to 604 °C. Temperature-resolved energy-filtered images 
are used to provide quantitative information, on the pixel scale, about both the reduction 
kinetics of NiO to Ni and the evolution of the thickness of the reactant NiO and the product 
Ni. The method proposed here relies on the use of reference images for both the initial and the 
final state to yield the local reaction kinetics from changes in O K edge intensity, from either 
three-window maps or jump-ratio images. The presence of pixels in each image whose 
intensity does not change over the entire reaction (here the YSZ phase) is essential to remove 
variations in intensity that are not related to structure and/or chemistry. Total inelastic mean 
free path images are used to obtain experimental values of NiO and Ni thickness change and 
hence volume shrinkage, which are close to theoretical predictions. Local differences in 
reaction rate, which depend on position in the specimen (either at NiO interfaces with YSZ or 
in the NiO grains) or on the propagation direction of the reaction front (along the specimen 
free surface or in the bulk) could be estimated under certain assumptions, to provide a three-
dimensional picture of the gas-solid reaction. Limitations and potential artefacts were 
discussed. Based on these results, a qualitative description linking the observations to 
different rate-controlling mechanisms was proposed for NiO/YSZ reduction in H2. 
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 Highlights 
• EFTEM is used to assess solid-gas reactions at elevated temperatures 
• This novel approach provides local, quantitative chemical and structural data 
• A 3D insight into how the reaction proceeds is obtained under certain 
assumptions 
• Reaction mechanisms and their link to microstructure can be established 
